The problems of evolution rank among mankind's most enduring interests, and it is therefore not surprising that virtually every branch of biology and medicine has ramified in the direction of comparative studies. Although in neurology this search traditionally has been an intensive one, a lack of adequately refined techniques has long held comparative neurology confined largely within the limits of normal anatomical description.
I. INTRODUCTION
The stereotaxic method was first applied to the study of the nervous system by Horsley and Clarke (1908) . Since then it has provided one of the most important techniques of investigation of the structure and function of specific regions of the brain. The availability of accurate and reliable stereotaxic coordinates has permitted experimenters to explore previously inaccessible structures deep within the brain. Stereotaxic methods have been employed in the accurate placement of experimental lesions, in electrical and chemical stimulation of the brain, and in electrical and thermal recording studies. These techniques have found application in the laboratories of anatomists, physiologists, biochemists, psychologists, and ethologists, as well as in various human clinical procedures. Atlases of stereotaxic brain coordinates are presently available for a wide variety of mammals such as rodents (de Groot, 1959) , carnivores (Snider and Lee, 1961) , and primates (Snider and Niemer, 1961; Olszewski, 1952) including man (Schaltenbrand and Bailey, 1959) . There are, in addition, specialized atlases of several of these animals, which contain detailed cytological descriptions of the nuclear organization of such specific areas as the brain stem (Meessen and Olszewski, 1949) , the hypothalamus (Bleier, 1961) , and the thalamus (Olszewski and Baxter, 1954) . Ralph and Fraps (1959) were the first to demonstrate the feasibility of adapting mammalian stereotaxic methods to avian forms. However, this atlas was restricted to the hypothalamus and preoptic area and was therefore rather limited in scope. A more comprehensive atlas of the chicken brain was recently published by van Tienhoven and Juhasz (1962) . Their atlas provided stereotaxic coordinates of the diencephalon and telencephalon. Thus, while stereotaxic atlases of avian brains are available, they do not provide sections through the entire brain. Moreover, neither of these atlases included detailed photographs of stained sections of the brain. Such photographs are invaluable when attempting to reconstruct lesions or identify the locus of an electrode tip.
The pigeon was selected for the present atlas since it has been widely used in earlier anatomical studies of the avian nervous system and has also been the subject of extensive behavioral investigations (Ferster and Skinner, 1957) . Furthermore, its brain may be regarded as a Grundtypus of the avian form (Stingelin, 1958) . In addition, standardized breeds are available, the use of which can greatly reduce intersubject variability with a resultant increase in the reliability of the stereotaxic coordinates. The atlas which follows provides a complete series cf transverse stereotaxic plates from the olfactory bulb to the bulbo-spinal junction, usually at 0.25 mm intervals. The series of plates through the telencephalon, diencephalon, and mesencephalon show one half of the brain. In the series through the caudal brain stem and cerebellum, both halves of the brain are shown. In addition, ten selected sagittal plates have been included. In both the transverse and sagittal series, a number of the more readily recognizable fiber tracts have been indicated by means of crosshatching. Accompanying each plate in the atlas is a photomicrograph of a Nissl-stained section of the opposite half of the brain. Several photographs of the intact brain are presented as well.
The identification of cell groups and fiber pathways has been as detailed as our present knowledge permits. However, a number of discrete structures have been left unlabeled because we felt that this was preferable to a premature naming based on little or no experimental evidence. Indeed, it is our hope that this atlas may serve as a tool which will enable investigators to provide the necessary data for a detailed morphological and functional analysis of the avian nervous system.
In addition to the atlas, detailed directions are given for the fabrication of two types of head holders and for fixation of the skull in the stereotaxic instrument. We have also suggested a number of anesthetic agents which we have found useful in pigeon surgery. For the convenience of the reader, a key to the abbreviations appears with each stereotaxic plate. An alphabetical index of structures indicates the abbreviation used for each structure and the atlas plates on which it may be found.
II. METHODS

Selection of the Breed
Selection of the Atlas Plane
Stereotaxic technique requires a means of fixation of the head such that the brain is maintained in a standard position with respect to the stereotaxic instrument. In mammals, the external auditory canals are most frequently used as the posterior points of fixation; the anterior points of fixation are often the infraorbital ridges. Similarly, in the pigeon, the external auditory canals provide an adequate means of posterior fixation. However, in the bird, due to the absence of a complete infra-orbital ridge, the ventral surfaces of palatine ridges were chosen as the anterior points of fixation. The palatine ridges were supported by a thin, rigid, metal bar parallel to the ear bars and located 20.0 mm from the interaural line. In the traditional mammalian stereotaxic method, the anterior and posterior fixation points are maintained approximately parallel to the horizontal axis of the instrument. However, in the pigeon, this 1 Silver King, another commercially available standard brred, may be a satisfactory substitute for the White Carneaux in some cases since a number of sites in the brains of these two breeds appear to have roughly comparable stereotaxic coordinates.
White Carneaux pigeons (Columba livia), both cocks and hens, two to six years of age, and ranging in weight from 400 to 600 grams were used. These standard breed pigeons are widely used in psychology laboratories and are readily available commercially 1 . The birds used in the preparation of this atlas were obtained from the Palmetto Pigeon Plant, Sumter, South Carolina. All birds were placed in quarantine for thirty days following delivery and treated with tetracycline during this period as prophylaxis against ornithoses (Cohen, et al., 1965) . orientation results in a severe distortion of familiar anatomical relationships; e.g., the posterior commissure and the eighth cranial nerve would both appear in the same section. In order to avoid such distortion, the mouth bar was placed 45° below the horizontal axis of the stereotaxic instrument. A plane was thus obtained in which such structures as the posterior commissure and the exit of the third nerve appear in the same section. Figure 1 illustrates the orientation of the skull and brain with respect to the stereotaxic instrument.
Design of the Head Holder
The stereotaxic instrument used in the preparation of the atlas-and in subsequent studies upon which the atlas coordinates were validated-was the Kopf cat-monkey stereotaxic instrument. Several modifications were necessary in order to adapt this instrument for use with pigeons. One such modification was to turn down a pair of the standard cat-monkey ear bars in a lathe to a diameter of 3.0 mm for a distance of 18.0 mm from the tips (See Fig. 2 ). This permitted smooth insertion of the ear bars into the external auditory meatus. The ear bars provided the posterior axis of fixation. Two types of adaptors have been designed to support the anterior point of fixation. In one design, the Kopf standard rat adaptor was modified (See Fig. 3 ) to provide a thin, rigid bar to support the palatine ridges and to allow additional clearance for the beak to rotate as the head is brought into the 45° plane. The diameter of the mouth bar should not exceed 1 mm. The head will be correctly positioned in the stereotaxic instrument when the upper surface of the mouth bar is located 14.14 mm anterior and 14.14 mm below the interaural line (See Fig. 1 ). This adaptor is particularly advantageous when offset ear bars are used. Its weakness is that if the mouth bar is inserted too far into the bird's mouth, serious damage to the mandible may result.
The second type of adaptor was suggested by Dr. Alvin Revzin, to whom we wish to express our gratitude for the design. The adaptor is based on the fact that the long surfaces of the ear bars, when locked in position in the stereotaxic instrument, are at an angle of 45° to the horizontal and vertical axes of the instrument. This adaptor can be fabricated from a rectangular block of brass or steel stock into which a slot has been milled to receive the ear bar. The face of the milled slot must be exactly perpendicular to the long axis of the block. A steel rod of 1.0 mm diameter is mounted in the block 20.0 mm from the central axis of the ear bar and tangent to a line passing at a 45° angle through the interaural line. A diagram of this adaptor is shown in Figure 4 . For additional stability a second block should be prepared in which a hole, slightly larger than 1.0 mm, has been drilled to freely receive and serve as a support for the 1.0 mm diameter rod of the first block. This second block is We have come to prefer the Revzin adaptor because it affords a greater reproducibility of head position than can be achieved with the modified Kopf adaptor. Moreover, since the mouth bar is inserted from the side, the possibility of damage to the mandible is greatly minimized. The limitations of the Revzin adaptor are derived from its greatest virtue, namely its inflexible construction. As a result it does not lend itself readily to other head orientations. Fortunately, this is a restriction which will be incompatible with few experimental designs. An additional limitation, however, is that the position of the blocks in the instrument does not permit an approach to the brain from the lateral aspect. The modified Kopf adaptor is more suitable to such an approach. In spite of these limitations, the greater simplicity and reliability of the Revzin adaptor are a strong recommendation for its use. However, since the design of the Revzin adaptor does not permit any adjustment, great care must be exercised in its construction. A photograph of a pigeon's head mounted in the Revzin adaptor is shown in Figure 6 .
Preparation of the Animal for Surgery
Several types of anesthetics have been successfully used with pigeons. For intramuscular administration (into the pectoral muscles) we have used Equithesin, which is a commercially available mixture of sodium pentobarbital,chloral hydrate, magnesium sulfate, and a preservative. FIGURE 6. The head of a pigeon mounted on the Revzin adaptor. The calvarium has been removed and the brain exposed to show its position with respect to the adaptor.
The dosage employed was 0.25 cc/100 grams of body weight 2 . Sodium pentobarbital, injected into the brachial vein, was also found effective. A reasonably safe dosage range was found to be 24 to 28 mg/kg of body weight. Metofane (methoxyflurane), an inhalation anesthetic, however, was found to provide the widest margin of safety, particularly with animals maintained on food deprivation schedules prior to surgery. With all of the above-mentioned anesthetics the usual pre-operative precautions should be observed, especially that of fasting the animal for 24 hours prior to surgery. When properly administered, Equithesin and Metofane have the lowest mortality rates. Both Equithesin and pentobarbital, however, have the disadvantage that it is difficult to estimate the quantity of required supplementary doses. Of these two anesthetics, however, Equithesin has proven to result in a lower mortality rate. Metofane is fast-acting, permits a high level of oxygenation, and is non-explosive. The animals often regain consciousness within several minutes after termination of the anesthetic. This feature is particularly valuable in that the birds require minimal post-operative attention. A disadvantage to the use of Metofane is that precautions should be taken to prevent excessive inhalation of the anesthetic by the experimenters.
Intradermal infusion of Xylocaine or other local anesthetic agent along the intended line of incision will often permit surgery to be performed under general anesthesia of considerably reduced depth.
Method of Fixation of the Head
After the bird has been anesthetized and prepared for surgery, the ear bars should be gently 2 In the case of pigeons maintained on food deprivation schedules, we have found that mortality is lower if the dosage is decreased by 10% for each 10% deviation from the free feeding weight.
inserted into the external auditory meatus to the point of maximum travel. Excessive pressure should be avoided. When fully inserted, the distance between the tips of the ear bars should be 10.5 mm, +0.5 mm. The mouth should then be opened only as wide as necessary to allow passage of the mouth bar. Forcing the mouth open further at this time may result in fracture of the posterior ramus of the mandible. The mouth bar should be slowly maneuvered into position and secured. This procedure usually provides adequate stability for the head. However, if additional stability is required, the dorsum of the beak may be gently clamped or taped to the adaptor.
In view of the fragility of the pigeon's skull, any excessive pressure on the skull should be avoided when the head is positioned in the instrument. Experimenters who have worked with cats and monkeys may find that the rigidity of the pigeon's head is less than that usually found in mammals. Nevertheless, we have found that although the position of the head can be changed somewhat by moderate pressure, when the pressure is removed, the head will return to its original position.
Preparation of the Stereotaxic Plates
In order to provide the necessary reference marks in the histological sections, four steel pins were stereotaxically placed in the pigeon's brain 3 . The first pair was placed vertically at AP 0.0 and A 10.0 respectively. The other two pins were placed horizontally, at 5.0 mm and 10.0 mm respectively above the horizontal zero plane of the instrument. The bird was then perfused via the left ventricle with 200 ml of saline, followed by 200 ml of 10% formol-saline. The head was severed from the body, the calvarium removed, and the brain allowed to fix in situ in 10% formol-saline. Four birds were prepared in this manner, using fixation periods varying from 3-90 days. Following fixation, the pins were extracted, and the head was placed in the stereotaxic instrument. The brain was blocked in the vertical plane of the instrument with a scalpel blade held in an electrode carrier. This blocking technique provided an accurate correspondence of the plane of histological sectioning to the vertical plane of the stereotaxic instrument. Figure 7 shows the method of blocking. The brain was then removed from the skull and permitted to fix for an additional 1-3 days.
The blocked brain was placed on the freezing stage of an AO Spencer sliding microtome. The freezing stage consisted of a square brass plate with a trough on two sides. A mixture of dry ice and ethyl alcohol was placed in the trough. Prior to placing the block of brain tissue on the freezing stage, a plat-form of ice of approximately 2-3 mm thickness was fashioned by dropping water onto the stage. This ice layer was then leveled by the microtome blade to produce a surface perfectly parallel to the plane of movement of the blade. The FIGURE 7. The head of a pigeon mounted in the stereotaxic instrument with the Kopf type of pigeon adaptor. The calvarium has been removed and the brain exposed. A scalpel blade, mounted in an electrode carrier, is shown being used to block the brain in the vertical plane of the stereotaxic instrument.
brain was next placed on this platform, frozen to it, surrounded by dry ice to accelerate freezing, and cut in 50µ thick sections which were collected serially for subsequent staining.
In order to minimize the distortion and shrinkage which often result from sectioning and staining (Olszewski, 1952) , the cut surface of the brain in the ice block was photographed every 250µ with a Polaroid MP-3 camera positioned above the microtome. Each photograph included a metric ruler placed in the plane of the cut surface of the brain. The photographs were made on Polaroid Type 55 P/N film which yields both a positive print and a negative. The negatives were enlarged to give a linear magnification of 15X (225X areal magnification). Although these enlargements were of low contrast, the border of the brain, ventricles, and many internal features were nevertheless easily distinguished.
Clear sheets of acetate were placed on the enlarged photographs and the outline of the brain traced on the acetate with India ink. A scale of stereotaxic coordinates was then plotted on each sheet based on the position of the electrode tracks and in vivo measurement of various external features of the brain.
The cut sections of the brain were stained with cresyl-echt violet and mounted. These Nisslstained sections were then projected onto the drawings, and the boundaries of cell groups and fiber tracts were drawn on the acetate. This method results in an outline of the brain which is free from the distortion produced by the passage of the microtome blade through the brain (Olszewski, 1952) . The outline is also free from errors which result from the separation of the cerebral hemispheres and tectum from the brain stem after sectioning. Moreover, it corrects for differential shrinkage of various brain regions consequent to staining. This shrinkage varied from 10% to 40% depending on the ratio of cells to myelinated fibers in the various areas of the brain. Thus, in order to arrive at a more accurate delineation of nuclear boundaries, it was frequently necessary to compensate for the differential shrinkage by adjusting the projection magnification of the stained sections in different areas of the brain.
Preparation of the Photographs
The Nissl-stained photographs which accompany the transverse stereotaxic plates were prepared from brain 58-3596. This brain was fixed and blocked in situ in the skull as described in the previous section and then embedded in celloidin and cut at 25µ. Every fourth section was stained with cresyl-echt violet and mounted. Sections were selected to match the stereotaxic plates as closely as possible. Since some sections were damaged during processing, it was necessary to photograph appropriate sections from brain PF-21, which was prepared in an identical manner and B-27, which had been cut at 50µ on a freezing stage microtome. The sagittal plates were prepared from brain B-25, which had been fixed in situ and blocked sagittally in a stereotaxic instrument as previously described. This brain was also embedded in celloidin, cut at 25µ, and stained with cresyl-echt violet. Sections were then chosen to match the sagittal stereotaxic plates. The section which best matched plate L 3.50 was unfortunately damaged during processing. It was therefore necessary to photograph a comparable section from the contralateral portion of the brain. This resulted in some discrepancies between the plate and the photograph which are most apparent in the size of the cerebellum.
All photographs were taken on a Bausch and Lomb 8 x 10 inch GBVP horizontal optical bench. For the frontal sections a 42 mm Leitz Summar lens with a Kodak No. 15 yellow filter was used, whereas the sagittal sections were photographed with a 72 mm Microtessar lens and yellow filter. Kodak Ortho-Contrast film was used for all photographs and was processed in Kodak D-ll developer. The backgrounds of the negatives were "opaqued" but no further retouching was applied 4 . Prints from these negatives were made on Kodabromide No. 4 and No. 5 papers using a LogEtronics contact printer and were developed in Kodak Dektol developer.
The magnification of the celloidin-embedded frontal sections was adjusted to 23X and that of the celloidin-embedded sagittal sections to approximately 15X. These magnifications were chosen to approximate the 15X and 12.5X magnifications of the stereotaxic plates of the transverse and sagittal sections respectively. These magnifications closely compensated for the estimated shrinkage of approximately 25 to 35% caused by the celloidin embedding.
Accuracy of the Atlas
In order to verify the accuracy of the stereotaxic coordinates, four lesions were made in each of four pigeons. The lesions were aimed at discrete targets and thus permitted a straightforward decision as to precision of placement. Fifteen of these sixteen lesions were judged to be acceptably accurate. The accuracy of the atlas was tested further in more than 200 lesion experiments performed in the course of several research projects. The observations thus collected indicate that satisfactory placement of lesions can be expected in approximately 85% of the cases. A probable source of error, in addition to that inherent in measuring and calibrating, lies in the degree of individual variability of the birds.
In general, coordinates for any given structure should be obtained from the transverse plates since these are based on direct measurement whereas the sagittal coordinates are based to a large extent upon reconstructions from the transverse plates.
Since this atlas is primarily intended to serve as a research tool, no detailed justification of the nomenclature is offered. In most cases, divisions between cell groups were drawn in accordance with those previously described in the literature. Although over the years a number of suggestions have been put forth for a nomenclature of the avian central nervous system, anatomists have been unable to agree on a uniform terminology. Moreover, many of the structures in the avian brain stem that have well-recognized mammalian homologies often have been given names drawn from obsolete mammalian nomenclatures rather than from contemporary terminology. In the course of our own research (Karten, 1963 (Karten, , 1964 (Karten, , 1965 we have found that the terminology used for the mammalian reticular formation by Olszewski and others (Olszewski and Baxter, 1954; Meessen and Olszewski, 1949 ) is applicable as well to the avian reticular formation. In several instances in which homologies appeared uncertain, the older avian terminology was retained. The nomenclature of the pretectal area is based on that of Kuhlenbeck (1939) and that of the thalamus on Huber and Crosby (1929), Craigie (1931) , and Kuhlenbeck (1937) .
The choice of terminology to be adopted in the telencephalon posed special problems. Whereas the nuclei of the thalamus have customarily been given purely descriptive names (e.g., rotundus, ovoidalis, etc.), the subdivisions of the telencephalon have often been named on the basis of inferred homologies with mammalian structures. Although this is undoubtedly justifiable in the case of certain structures such as the olfactory bulb and septal nuclei, the use of such terms as archistriatum, neostriatum, ectostriatum, etc. (Ariëns Kappers, Huber, and Crosby, 1936) could easily lead to the quite possibly erroneous notion that the avian telencephalon is composed almost entirely of a massive and highly developed corpus striatum comparable to that of mammals. Developmental studies such as those of Källén (1953) and Haefelfinger (1957) suggest strongly that only that region of the telencephalon which is ventral to the dorsal medullary lamina should be properly regarded as homologous to the mammalian corpus striatum. Other investigators have recognized the pitfalls of a nomenclature based on apparent homologies and have suggested telencephalic terminologies which are simply descriptive (Kuhlenbeck, 1938) , or have designated the various subdivisions of the telencephalon by letters of the alphabet (Rose, 1914) .
Despite the aforementioned objections, we decided to employ the telencephalic nomenclature of Ariëns Kappers, Huber, and Crosby (1936) with some modification. The fact that this terminology is the most widely used and the most familiar to researchers was considered to outweigh the risks inherent in its potentially misleading connotations. Table 1 presents a summary of the major divisions of the telencephalon as indicated in this atlas and the terms which different investigators have employed to designate these divisions.
Other sources of nomenclature were found in the works of Edinger, Wallenberg, and Holmes (1903), Schroeder (1911) , Rendahl (1924 ), Cajal (1911 , and Craigie (1928 Craigie ( , 1932 
Index of Structures
The following is an alphabetical listing of all structures named in this atlas. Whenever possible, the names of structures have been taken from Nomina Anatomica (1961) . Following each name is the abbreviation used in the atlas and a listing of those transverse plates in which the structure appears. Occasionally small structures or zones fall in the interval between plates. In such cases, the location is given in the sagittal series. An alphabetical key to the abbreviations accompanies each pair of plates and photographs. 
Alphabetical Index of Structures
